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Carboxyl groups were introduced at the peripheral positions 5 
of dodecaphenylporphyrin to link nanochannel structures 
with intermolecular hydrogen bonds to make the 
supramolecular structures robust. 
  Hydrogen bonding1 plays indispensable roles in nature to 
determine the physical properties of protic solvents such as 10 
water,2 to construct and regulate the high-dimensional structures 
of proteins and DNA,3 and to make it possible for optical 
functional molecules to exhibit the functionality by tuning the 
molecular flexibility, which highly affects the lifetimes of excited 
states of molecules.4 In recent years, supramolecular structures 15 
formed by hydrogen bonding have attracted considerable 
attention due to the interest in molecular sensors5, proton-
conductivity,6 and future application to manufacturing integrated 
circuits.7 Hydrogen bonding is also highly promising to construct 
molecular networks holding a porous structure applicable for gas 20 
storage, gas separation and catalytic activities,8 due to its high 
directionality.  
 We have reported the formation of porphyrin nanochannel 
structures9 with a saddle-distorted porphyrin derivative, 
dodecaphenylporphyrin (H2DPP, 1),10,11 where the porphyrin 1 25 
was diprotonated and the intermolecular π-π interaction between 
the peripheral phenyl groups played a main role to assemble the 
porphyrins into the supramolecular structure.12 The inner spaces 
of the nanochannels formed can be used for inclusion of electron-
donating guest molecules to exhibit photovoltaic cell 30 
properties.9(c) The nanochannel structure, however, was very 
fragile upon loss of the solvent molecules of crystallization, and 
thus, the range of applications for the nanochannels is limited. In 
this study, we have introduced multi-hydrogen-bonding sites to 
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Fig. 1 Schematic description of structures of diprotonated salts of 
carboxyl-substituted porphyrins 1–4. 
the DPP structure13 to form a robust porous structure bearing 
unique optical properties and high chemical reactivities. 40 
 Herein, we have employed four kinds of saddle-distorted 
porphyrins 1–4 (Fig. 1), each of which has different numbers (n) 
of carboxyl groups on the meso-aryl groups: n = 0 (1), n = 2 (2), n 
= 4 (3), and n = 8 (4). The porphyrin 1 and the dichloride salt 
([H21]Cl2) were synthesized by a reported procedure,9 and the 45 
perchlorate salt ([H21](ClO4)2) was prepared with treatment of the 
solution of 1 in CHCl3 with perchloric acid. The carboxyl-
porphyrins 2–4 were synthesized from the corresponding alkoxy-
ester-substituted tetraphenylporphyrins through sequential 
reactions (see ESI). Porphyrin 2 has two carboxyl groups at the 50 
para-positions of the two meso-phenyl groups at the 5- and 15-
positions, and the para-positions of all the four meso-phenyl 
groups of 3 are substituted by carboxyl groups. Porphyrin 4 bears 
four 3,5-dicarboxy-phenyl groups at the meso-positions. Thus, 
porhyrins 2, 3, and 4 possess two, four, and eight carboxyl groups 55 
in total, respectively, in the structures. Porphyrin 2 was 
diprotonated with perchloric acid to give the perchlorate salt, 
[H22](ClO4)2.13 Dichloride salts of 3 and 4 ([H23]Cl2 and 
[H24]Cl2) were obtained by treatment with hydrochloric acid. 
 The diprotonated salts obtained were recrystallized with vapor-60 
diffusion method from CHCl3/CH3CN for [H21]Cl2,9b THF/ EtOH 
for [H21](ClO4)2, THF/EtOH for [H22](ClO4)2, THF/ MeOH for 
[H23]Cl2, THF/EtOH/cyclohexane for [H24]Cl2, and each 
structure was determined by single-crystal X-ray diffraction 
analysis. 65 
 [H21](ClO4)2 included two perchlorate ions above and below 
 
Fig. 2 Crystal structures of [H22](ClO4)2. (a) Nanochannel and (b) 1-D 
Hydrogen-bonding wire. 
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the mean plane of the diprotonated porphyrin cation to form 
hydrogen bonds between the pyrrolic NHs of [H21]2+ and the 
oxygen atoms of the perchlorate ions (Fig S1a in ESI).14 The 
[H21]2+ cations formed warped nanochannels both to the 
crystallographic a- and b-axis directions with intermolecular π-π 5 
stacking between the peripheral phenyl groups and the inner 
spaces were occupied with perchlorate ions and co-crystallized 
THF, EtOH and water molecules (see Fig. S1b in ESI). 15 
 The crystal structure of [H22](ClO4)2 included the two counter 
perchlorate ions, which interacted with the porphyrin dication 10 
similarly to the case of [H21](ClO4)2 (vide supra). The nano-
channels formed by [H22]2+ run both to the n- and n+90° 
directions (Fig. 2a), and the height and width of the inner space 
are 3.1 and 6.8 Å, respectively. The inner spaces were occupied 
by the perchlorate ions and co-crystallized EtOH molecules,15 15 
and the number of included EtOH molecules was twenty-six in 
the unit cell. In the crystal, [H22]2+ was linked with each other by 
complementary intermolecular hydrogen bonds of the carboxyl 
groups to form a 1-D molecular wire as depicted in Fig. 2b. The 
hydrogen bonds also assisted mutual linking of the nanochannels 20 
as shown in Fig. S2a in ESI. In the hydrogen-bonding network, 
the complementary hydrogen bonds between the carboxyl groups 
linked the porphyrin nanochannels, in which the 1-D hydrogen 
bonding wires diagonally came across the nanochannels. 
  [H23]Cl2 was crystallized into a triclinic lattice and the two 25 
chloride ions were positioned above and below the mean plane of 
the diprotonated porphyrin dication to form hydrogen bonds 
between the pyrrollic NHs, similar to the case previously reported 
for [H21]Cl2.9 In the crystal of [H23]Cl2, nanochannels were also 
formed both along the a- and b-axes and the channel of the a-axis 30 
was relatively warped (Fig. 3a). The heights and widths of the 
inner spaces in the nanochannels were 3.0 and 6.3 Å for the a-
axis channel and 2.9 and 5.4 Å for the b-axis channel, 
respectively. In the crystal of [H23]Cl2, the inner spaces also 
included the chloride ions and co-crystallized MeOH and H2O 35 
molecules,15 and the numbers of the included solvent molecules 
per the unit cell were ten for MeOH and eight for H2O. A 
hydrogen-bonding network was also observed for the crystal 
structure of [H23]Cl2 and the network was two-dimensionally 
extended with the complementary hydrogen bonding by all the 40 
four carboxyl groups of [H23]2+ as shown in Fig. 3b. The fully 
complementary hydrogen bonds by the four carboxyl groups in 
H232+ stitched up the porphyrin nanochannels steadily (Fig. S3b 
in ESI). 
 In the crystal structure of [H24]Cl2, the cation part of [H24]2+ 45 
was capped with two chloride ions through the hydrogen-bonding, 
similar to the case of [H23]Cl2. A nanochannel structure, which 
ran along the b-axis direction as depicted in Fig. 4a, was also 
observed in the crystal structure of [H24]Cl2 and the channel size 
was estimated to be 4.4 × 4.8 Å. The inner space of the nano-50 
channel was occupied by chloride ions and co-crystallized 
cyclohexane. The hydrogen-bonding patterns between the 
peripheral carboxyl groups were relatively complicated: Two of 
the eight carboxyl groups formed inter-molecular complementary 
hydrogen bonding pairs, other four formed hydrogen bonds with 55 
other carboxyl groups and co-crystallized with EtOH molecules, 
which resulted in one-dimensional chains of the porphyrins (Fig. 
4b). The other two carboxyl-groups formed hydrogen bonds only 
with co-crystallized EtOH molecules. As a result of these 
hydrogen bonds, a ladder-like network structure of [H24]2+ 60 
emerged and the space between the ladders was occupied with 
hydrogen-bonded solvent molecules. In addition, the hydrogen-
bonding network including EtOH molecules in one nanochannel 
is required for stabilizing the interactions between porphyrin 
components in the channel. Thus, the complementary hydrogen 65 
bonding has been demonstrated to play an important role in 
linking the nanochannels (Fig. S4c and d in ESI). 
 Thermogravimetric (TG) analyses of the porphyrin 
nanochannels were conducted to examine the stability of 
nanochannels quantitatively. As previously reported, [H21]Cl2 70 
exhibited a steep weight loss at 125 °C under N2 atomosphere.9b 
In order to compare the thermal stability of nanochannels 
involving hydrogen bonding networks, TG profiles were obtained 
for the crystalline samples of [H22](ClO4)2, [H23]Cl2, and 
[H24]Cl2, by increasing the temperature from room temperature 75 
to 400 °C with a ramp rate of 2 °C/min under N2. From the room 
temperature to ca. 50 °C, slight weight losses derived from 
evaporation of the residual solvent molecules on the crystal 
surfaces were observed for all the samples, thus, the weight losses 
were normalized by the weights at 50 °C. As shown in Fig. 5, the 80 
co-crystallized solvent molecules in [H22](ClO4)2 were evacuated 
around 150 °C, and [H22](ClO4)2 was thermally decomposed 
around 350 °C. On the other hand, the steep weight loss of nearly 
30% around 150 °C was observed for [H24]Cl2 and the gradual 
weight loss lasted over 150 °C. This gradual decrease resulted 85 
from the instability of [H24]Cl2 framework after the removal of 
co-crystallized solvent molecules. For [H23]Cl2, the weight loss 
of only 3% was observed around 230 °C and no successive 
weight loss was observed. At higher temperature more than  
 
Fig. 3 Crystal structures of [H23]Cl2. (a) Nanochannel along the b-axis 
and (b) 2-D Hydrogen-bonding sheet. 
 
Fig. 4 Crystal structures of [H24]Cl2. (a) Nanochannel along the b-axis 
and (b) ladder-like Hydrogen-bonding network. 
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Fig. 5 TG profiles for [H22](ClO4)2 (– –), [H23]Cl2 (- · -) and [H24]Cl2 (---
). The temperature increased to 400 °C with a ramp rate of 2 °C /min. 
 
320 °C, a gradual weight loss less than 5% was observed. In 5 
addition, the powder X-ray diffraction patterns of [H23]Cl2 after 
the thermal treatment indicates that [H23]Cl2 maintained the 
crystallinity with slight disorder in contrast to the case of 
[H24]Cl2 (Fig. S6 in ESI). Despite the fact that the number of the 
carboxyl groups in [H23]2+ is less than [H24]2+, the stability of the 10 
supramolecular structure of [H23]Cl2 was superior to that of 
[H24]Cl2. This indicates that the fully complimentary hydrogen-
bonding network observed in the single-crystal structure is quite 
important to stabilize the supramolecular structures. 
Conclusion 15 
 We have succeeded in stabilization of porphyrin nanochannel 
structures linked by hydrogen bonding among peripheral 
carboxyl groups. The TG profiles of the solid samples of 
hydrogen-bonded nanochannels were measured to observe the 
weight loss of the evacuation of the co-crystallized solvent. The 20 
TG profile of [H23]Cl2 indicates that the supramolecular structure 
is stabilized by the complementary hydrogen-boding network as 
shown in Fig. 3b even after the loss of the co-crystallized solvent 
molecules by the thermal treatment at 230 °C. In the light of the 
robustness even after loss of the included solvents, this strategy 25 
for stabilization of porphyrin nanochannels allows us to provide 
the possibility of the wide applications including gas storage in 
the inner spaces and heterogeneous catalysis with the catalytic 
activity of porphyrin cores and so on. Furthermore, the counter 
anions included in the channels may also assist the guest 30 
inclusion by the interaction between the guest molecules. 
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